Solutions are obtained for convective regions in a continuously stratified, linearized primitive equation model using a smoothly posed moist convective adjustment parameterization of cumulus convection. In the approximation in which the convective adjustment time is fast compared to other processes, the vertical structure of the temperature field is constrained to be close to the quasi-equilibrium structure determined by the convective scheme. This in turn constrains the vertical structure of the baroclinic pressure gradients and velocity field. Analytic solutions result for vertical structures, while the horizontal and time dependence is governed by equations akin to shallow water equations. These consist of equations linking baroclinic velocities and pressure gradients, plus a moist static energy equation governing thermodynamics. This system holds for basic states that are slowly varying in space, for regions where deep convection happens frequently enough to constrain the temperature field.
Introduction
Solutions for tropical flow in convective regions appear complex because of intricate processes involving moist convective parameterization. The eigenvalue studies of Neelin and Yu (1994, NY hereafter) and Yu and Neelin (1994, YN hereafter) , however, found surprisingly simple analytic solutions using a smooth moist convective adjustment (MCA) convective parameterization. MCA is the simplest of the quasi-equilibrium (QE) class of convective parameterization, which assumes that the bulk effect of convective motions on fast timescales is to constrain the vertical profiles of buoyancy related variables. In the NY-YN study, the strong QE constraints acting on the temperature profile largely determine the vertical structure of the flow field, and it is this that facilitates analytical solutions. A notable feature of the NY-YN eigensolutions was the lack of conditional instability of the second kind, CISK, despite the crucial role of convection, so NY introduced convective interaction with dynamics (CID) as a generic acronym to refer to large-scale tropical phenomena involving interactions between large-scale dynamics and the collective effects of cumulus convection. In this paper, we follow NY's machinery and show how threedimensional near-analytic solutions can be derived in deep convective regions when a smoothly posed MCA scheme (e.g., Betts 1986; Betts and Miller 1986 ) is used in a linearized primitive equation model.
As in many GCMs and simple models, the model atmosphere in this paper is set in motion by differential surface flux input, including evaporation and sensible heat, resulting from sea surface temperature (SST) anomalies. Most simple models employed in studying the atmospheric response to SST anomalies greatly simplify the complicated physical processes involving cumulus convection effects and boundary layer fluxes. The atmospheric heating anomaly is either empirically linked to the SST (Gill 1980; Gill and Rasmusson 1983) or indirectly linked to the SST through simple parameterizations of heating, surface fluxes and other feed-Y U A N D N E E L I N back mechanisms (Webster 1981; Zebiak 1982 Zebiak , 1986 Weare 1986; Kleeman 1991) . Neelin and Held (1987) approached the atmosphere coupling to SST in the Tropics by using the moist static energy budget. They claimed that the time-mean low-level convergence in the tropical atmosphere is associated with the small value of the effective moist stability. A seemingly different approach was proposed by Lindzen and Nigam (1987) . They assumed that the SST gradient can affect the boundary layer temperature gradient through turbulent vertical mixing, which in turn yields a pressure gradient force to drive the boundary layer flow.
In spite of the fact that simple models have bypassed complicated physical processes, these models can sometimes behave qualitatively similar to GCM simulations and even to the observations. This suggests that some important dynamical processes responsible for the atmospheric response may have been captured by some of these simple assumptions. However, the simple models often produce indistinguishably similar simulations based on very different physical assumptions (Neelin 1989) . This disagreement suggests that we lack a firm understanding of the exact mechanisms driving even the most basic of tropical climate features, such as the Walker circulation and the ITCZ. The ambiguity arises from the fact that the convective interaction with dynamics, which is of crucial importance for tropical dynamics, is at best crudely represented. By employing a model that includes a cumulus parameterization closely related to one used in some GCMs that can better resolve the vertical structures of the dynamics, one might hope to distinguish among the hypothesized mechanisms, to explain why the simple models sometimes work, and to understand their limitations.
Section 2 displays complete formulation of the linearized primitive equation model, including cumulus convection and surface flux parameterizations. Section 3 provides the analytical approach toward the asymptotic solutions, including discussion of the QE assumptions employed by the Betts-Miller MCA scheme and the resulting dynamic system. Section 4 discusses the model behavior, including implications of the model for other simpler models, and provides an example for a simple Gill-like case. Conclusions are presented in section 5.
Model equations and physics
The primitive equations linearized about a continuously stratified basic state in radiative-convective equilibrium [see (2.2.a)-(2.2.c) of NY for details] can be expressed as
where vЈ, , Ј, TЈ, and qЈ denote perturbations of horizontal wind (in vector form), geopotential height, pressure velocity, temperature, and specific humidity, respectively. Notation k denotes the upward unit vector, ϭ R/C p denotes the ratio of gas constant to heat capacity at constant pressure, and ‫ץ‬ p s and ‫ץ‬ p q denote stratifications of basic-state dry static energy and specific humidity in the troposphere. Here, and denote the QЈ QЈ c q convective heating and moisture source perturbations due to subgrid-scale cumulus convection. They are functions of perturbations and basic-state thermodynamic quantities (TЈ, qЈ, , , T), as will be specified in the TЈ qЈ b b cumulus parameterization later. For brevity, we have absorbed C p (L) into temperature (specific humidity) in (2.1b), (2.1d), and (2.1e) so they both have energy units (J kg Ϫ1 ). In (2.1a), (2.1d), and (2.1e), we have defined two linear operators, of J m Ϫ2 s Ϫ1 ) denoting the sensible heat flux and moisture flux, respectively. For the boundary conditions, we let both fluxes vanish at the model top but approach, respectively, surface sensible heat flux and surface evaporation at the surface (i.e., ϭ HЈ and ϭ EЈ at p FЈ FЈ T q ϭ p 0 ). Also in (2.1a) and (2.1d), we have used a simple Rayleigh damping and a simple Newtonian cooling term in momentum and temperature equations to crudely represent the radiative and frictional damping effects in the model.
a. Parameterization of cumulus convection
The collective effects of cumulus convection are parameterized using the Betts-Miller (Betts 1986; Betts and Miller 1986 ) MCA scheme. The Betts-Miller scheme is a gentler version of the MCA due to the introduction of a relaxation time, c , in smoothly adjusting temperature and moisture toward selected reference profiles. The convective heating and moisture source are represented as 
which is nonlocal in the vertical. In the analytical approach, this yields a correction term for the moist enthalpy conservation constraint. Assuming the temperature correction is constant in the vertical,
where ⌬p T is defined as the total length column over which the moist processes take place. 
where ␥ ϭ (dq sat /dT)ͦ and q sat is the saturation specific T humidity. This is appropriate to a parcel rising from the bottom of the PBL or from anywhere within a wellmixed PBL, taking saturation to occur at . pЈ b Also following NY-YN, the moisture reference profile is chosen to have a given fraction of saturation; that is,
Here, ␣ ϭ 1 denotes 100% saturation. In the numerical calculations in section 4c, we let the moisture profile be subsaturated (␣ Ͻ 1) in the convective column, as may be observed in most precipitating regions.
b. Parameterization of surface fluxes
To incorporate the boundary layer fluxes into the model, two bulk formulas are used for the linearized surface sensible heat flux (HЈ) and surface evaporation (EЈ). Following NY, they are given by
is a damping rate associated with temperature and moisture per unit tropospheric depth (⌬p T ); W denotes the mean surface wind speed, which is potentially a function of space; is the density of air; C D is the surface exchange coefficient (or drag coefficient); ␥ 0 ϭ (dq sat /dT) ; and denotes the SST ͦ TЈ T s 0 perturbation. Estimates of ⑀ T suggest a magnitude on the order of (10 days) Ϫ1 to (20 days) Ϫ1 , depending on the values of parameters. The second terms on the rhs of (2.9a) and (2.9b) represent the wind feedback mechanisms with evaporation-wind feedback constant F and sensible heat flux wind feedback constant G:
where u 0 is the surface zonal wind and in (2.9a) and uЈ 0 (2.b) is its perturbation part.
The SST forcing enters the boundary layer thermodynamics through both the surface sensible heat flux and the surface evaporation in (2.9a) and (2.9b). The subsequent release of latent heat in the cumulus convection then redistributes the moist enthalpy in vertical to maintain a thermodynamically consistent three-dimensional circulation. We also note that only surface flux terms associated with contribute to the forcing there is cancellation within the fluxes.
Analytical framework
In a time-dependent case, linearized about a homogeneous basic state, NY-YN found that the convective QE constraints select a unique vertical mode, the propagating deep convective mode characterized by the slow timescale and near-adjusted thermodynamic structures, as the only geophysically interesting mode arising through CID at large scales. Motivated by those results, we anticipate that the QE constraints will yield similar simplifications for the tropical large-scale, slowly vary-
ing flow forced by SST distribution in the lower boundary. Here, we mimic NY's machinery and show how three-dimensional near-analytic flow can be derived through MCA's convective constraints in deep convective regions.
a. Convective quasi-equilibrium constraints
In this paper, analytic approximations of the model come from a perturbation expansion based on the convective QE assumptions. More precisely, we assume that the timescale c at which sub-Reynolds-scale convective processes remove convective available potential energy is much shorter than either the timescale of large-scale variability or any of the timescale parameters characterizing the dynamics of the time-mean circulation (e.g., timescales associated with damping, effects of stratification on large-scale motions, etc.).
Expanding all perturbation variables in orders of c ,
ϩ ··· , and using the MCA 2 c temperature closure (2.6) on the T reference profile, the order unity [i.e., O( )] balance yields
If we further use the MCA moisture closure (2.8), we can get
and a simple relation between h b and T b :
Since only the zeroth-order (QE) thermodynamic variables are needed for a closed set of equations, we neglect all superscripts hereafter for brevity.
b. Asymptotic solutions for slowly varying basic states
To simplify the problem for near-analytic solutions, we assume that the basic state is only slowly varying in the Tropics. That is, we assume that the length scale associated with horizontal variations of the basic state (L) is large compared to the length scales associated with perturbations of interest (l). This condition can always be obtained in principle by making the SST distribution that forces the basic state flatter and flatter so that the homogeneous case is approached. Some basicstate quantities thus may be expressed as
where ϭ l/L is a small (or slow) parameter. We note that, under these assumptions, the gradients of the above basic-state quantities are on the order of . With the QE constraint (3.1) in the momentum and hydrostatic equations (2.1a) and (2.1b) (and taking the momentum damping rate ⑀ m constant in p), the solutions for horizontal velocity can be written as
where v T provides the spatial and time dependence of the part of circulation associated with the QE-driven baroclinic component, and v 0 is the surface wind. Integrating the continuity equation (2.1c) from any level p in the troposphere down to the surface level p 0 and using (3.5) yields
where 0 is the pressure velocity at surface level due to the existence of topography and
If we use the rigid-lid condition and neglect topography (i.e., T ϭ 0 and 0 ϭ 0), we get a simple relation between v T and v 0 :
where ϭ ⌬ A ϩ dp denotes the vertically aver-
For the kinematic part, using (2.1b) in (2.1a) and then subtracting the latter from its surface level part, the flow implied by the QE thermodynamic constraints becomes
where we have neglected terms of O() or smaller in (3.10). As noted from (3.10), the QE constraints acting on ٌ through the T reference profile greatly simplify the kinematics of the tropical circulation.
For the thermodynamic part, since heating and moisture sink are not quantities that need to be treated directly in the analytical approach under the QE constraints (they are obtained diagnostically from the solutions), we can use the vertically integrated moist static energy equation implied by (2.4) to replace the thermodynamic equations. Neglecting both wind feedback terms in (2.9a) and (2.9b), the order c energy constraint becomes simply the vertically integrated moist static energy equation[
(3.12)
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(3.11) to get the three-dimensional tropical circulation forced by SST anomalies. For the simplest rigid-lid case, under the slowly varying basic-state assumptions considered here, the cloud top (p T ) is also a slowly varying function of x and y. Thus the cloud-top pressure velocity ( T ) is on the order of . This is a handy property since the order unity balances are automatically closed to form a neat analytical expression of the atmospheric response to SST anomalies while, at the same time, permitting the horizontal inhomogeneity of the thermodynamic basic states to order . The radiation condition does not qualitatively change the dynamics of the large-scale tropospheric motions constrained by convection of concern here. It only gives a small correction to the propagation tendency and introduces scale selectivity favoring planetary scale waves, as pointed out by NY and Yano and Emanuel (1991) .
Using (3.9) in (3.11) and neglecting terms of O() gives the following QE moist static energy equation:
where M (in units of J kg Ϫ1 ) is defined as
The ''gross moist stability'' M represents the net static stability in the troposphere, including moisture effects, felt by the QE perturbations. It was first defined by Neelin and Held (1987) in a two-level model and was later redefined more precisely by NY in a homogeneous basic state. We note that, except for using p 0 as the reference level and permitting a slowly varying basic state, the expression (3.14) is identical to that of NY. The derivation above not only gives a precise meaning to the gross moist stability, but also to the net thermodynamic damping in a vertically continuous atmosphere. An estimate of M using Jordan's (1958) sounding profile suggests a value of about 180 J kg Ϫ1 (NY), corresponding to the phase speed of about 13 m s Ϫ1 . This value is much smaller than the phase speed for dry wave motions. Detailed discussion of (3.14) and its implications to other simple models is presented in section 4.
The wind feedback mechanisms of (2.9a) and (2.9b) have been omitted for clarity in (3.13). These simply add a term F* with F* ϭ Ϫ(F ϩ G) u T , and F and ϩ uЈ A T G as in (2.10a) and (2.10b). Equations (3.10) and (3.13), along with the two diagnostic equations (3.8) and (3.9), form a closed set of equations for the three-dimensional tropical flow forced by SST. The economy of this model comes from the fact that the QE assumptions determine the vertical structure of the dynamic response. Once the associated horizontal response is solved for, the threedimensional structures of the tropical flow can be readily reconstructed.
Model behavior
The internal variability of the model presented in the previous section for the unforced case yields results similar to those of NY-YN. We omit the discussion here and focus on the steady-state behavior of the model. To facilitate discussion, we also let D m ϭ ⑀ m and D T ϭ 0. This makes the kinematic part of the model similar to the Gill-like models. However, the thermodynamic part of the model is still considerably improved compared to most simple models in the sense that cumulus convection and boundary layer flux parameterizations are approximations to those that are used or could be used in a GCM.
a. Gross moisture stratification
Due to the explicit representation of moisture processes in the model, the precipitation rate (P) can be directly calculated from the moisture budget:
is termed the ''gross moisture stratification,'' denoting the part of M due to stratification of moisture. Roughly speaking, M q measures the moisture available for precipitation from moisture convergence in deep convective regions. As noted in (4.1), the precipitation pattern is in phase with the large-scale convergence. However, the precipitation strength is dictated by both M q and v T . To obtain a feeling for how the precipitation depends on the dynamics consider the case where the M term would dominate the balance on the lhs of the QE moist state energy equation (3.13) (the physical situations where this would hold depend as much on the scales of forcing as on the magnitude of M and the thermodynamic damping terms). Then the moisture convergence contribution to the precipitation pattern is directly proportional to the SST forcing, with the amplitude determined by the ratio of gross moist stratification to gross moist stability; that is,
In the opposite case, where the thermodynamic damping terms dominate in (3.13), h b rather than the convergence is proportional to T s . For the precipitation pattern, this implies smaller scales due to wave dynamics, and it tends to concentrate near the SST anomaly maximum.
b. Comparison with simpler models
Using (3.10) to eliminate v T through the relation ١·v T ϭL x,y h b , we can rewrite the moist static energy equation (3.13) as
is a linear operator in space. Physically, inversion of this operator implies redistribution of the atmospheric response to SST forcing by wave dynamics. In (4.5), ␤ ϭ df/dy and the second derivative of f has been neglected. We note that, as f becomes large, the L x,y term in (4.4) becomes less important. The atmosphere thus exhibits less nonlocal response in h b and v T away from the equator. Near the equator, M gives nonlocal response in steady-state cases and its value is of crucial importance to winds in the equatorial waveguide. The analytic approximations for the simplest case (i.e., using Raleigh friction in the momentum equation and Newtonian cooling in the temperature equation) presented here provide links to many of the simpler atmospheric models that currently reign in the coupled model studies (e.g., Gill 1980; Lindzen and Nigam 1987; Zebiak 1982 Zebiak , 1986 etc.) . In particular, it yields the QE moist static energy equation (4.4) with an internally defined stability parameter, M, appearing in a term associated with the large-scale convergence. We note that, even though (4.4) is expressed in terms of the boundary layer moist enthalpy h b , the boundary layer dynamics is not isolated from the troposphere but feels the moist stratification of the troposphere through M. This differs from many simpler models in which the boundary layer dynamics is isolated from the atmosphere above.
The simplifications of tropical dynamics implied by the QE assumptions may also help justify important aspects of some simple models. In particular, there are some strong parallels between our model and the Lindzen and Nigam (1987) model. The Lindzen-Nigam model was primarily concerned with examining the consequences of pressure gradients produced within the trade wind boundary layer by the SST gradients below. The role of deep convection was conceived as responding with a cumulus mass flux that carries converged mass from the boundary layer to sufficient heights that the pressure gradients associated with its divergence can be neglected. Despite these differences in approach, the fundamental connection between the models is that strong thermodynamic constraints determine the dynamics through horizontal pressure (geopotential) gradients implied by the hydrostatic balance. In our model, the thermodynamic constraints are applied through moist adjustment by deep convection, rather than through vertical mixing, and the entire column enters the picture rather than just the layer below the trade inversion, but the principle is the same.
There are equally strong parallels to the model of Neelin and Held (1987) . The term ML x,y h b in (4.4) is proportional to the gross moist stability times the vertical velocity at the top of boundary layer, and the precipitation typically follows the pattern of SST forcing, with its amplitude modulated by moist stratification. The main difference between the Lindzen-Nigam and Neelin-Held models lies in the fact that the boundary layer temperature does not exactly follow the SST but rather is ''spread out'' by the dynamics due to inversion of L x,y . The amplitude of h b depends on a balance of moist stratification and thermal damping processes due to surface fluxes and radiative effects. The latter implies that boundary layer temperature is never brought exactly to T s no matter how small M is. Thus, at least in the context of a MCA scheme, the model presented here reconciles Lindzen-Nigam and Neelin-Held approaches. If reconsidered in terms of the present model (for small anomalies on a slowly varying basic state dominated by deep convection), there is no fundamental contradiction between approaches based on (i) constraints on baroclinic pressure gradients (akin to Lindzen-Nigam) or (ii) moist static energy conservation and an effective static stability for large-scale convective motions (akin to Neelin-Held).
We also note that the analytic approximations in (3.10) and (3.13) are similar in form to the Gill-like models (Gill 1980; Zebiak 1982 Zebiak , 1986 Lindzen and Nigam 1987; Neelin 1989) where c is the phase speed for a prescribed internal mode, ⑀ T is the thermal damping rate in height equation, and Q is the prescribed heating in the Gill-like models. Even though the simplest form of our solution is similar to the Gill-like models, it has several advantages in terms of interpretation. In particular, the propagation characteristics are internally determined by the gross moist stability (M), which is explicitly defined in terms of basic-state thermodynamic parameters and which permits horizontal inhomogeneity instead of being an arbitrarily specified constant in the Gill-like models. The thermal damping is also defined more precisely and includes radiative cooling and damping effects due to the parts of sensible heat and evaporation related to the boundary layer temperature and moisture perturbations. The forcing sources come from the parts of the sensible heat and evaporation fluxes related to T s and q sat (T s ) (forcing due to the latter is usually much larger than the former). Thus both sensible heat and evaporation fluxes FIG. 1. Boundary layer temperature (contours) and precipitation (shading) perturbations in the Gill-like case for a simple SST forcing. Contour interval is 0.05 K. Hatched area denotes negative precipitation perturbations, and dotted area denotes positive precipitation perturbations. Positive precipitation larger than 2 mm day Ϫ1 is shown by dense dots. Continental outlines are for scale reference only. The SST forcing pattern (described in the text) is very similar to the region of positive precipitation with a maximum of 1 K at 160ЊW, 6ЊS. are also internally determined by the response, not just by the forcing alone.
c. A Gill-like case
To understand the most basic dynamics of the model and show the relationship between familiar two-dimensional Gill-model solutions and three-dimensional flows dominated by deep convection, an idealized positive SST anomaly pattern is used to force the simplest form of the model. This idealized positive SST pattern (not shown) has a half sinusoidal distribution in longitude from 160ЊE to 120ЊW with a maximum of 1 K at 160ЊW, 6ЊS. Its magnitude decays quickly in meridional direction as a Gaussian with a e-folding scale of 6Њ latitude. We note that spatial distributions of M and M q can be directly estimated from sounding data (Yu et al. 1997) . For the moment, we let M be constant in the whole domain of interest in order to compare the model with the Gill (1980) solutions. Values of M, M q , and other thermodynamic variables presented in section 3 are calculated using Jordan's (1958) sounding profile. Table 1 summarizes important parameters used in this section.
Since the kinematic part of this model is similar to the Gill model (1980) and its solutions are familiar to many readers, we focus on the three-dimensional thermodynamic response. Figure 1 shows the model temperature at the bottom of the PBL (T b ) and precipitation (P) in response to the SST forcing. As expected from (4.4), T b does not exactly follow the SST distribution but is modified by the moist wave dynamics. In particular, T b is more locally confined near the SST anomaly center in the Southern Hemisphere than in the Northern Hemisphere. We also note that the amplitude of T b is far less than the associated SST anomalies. This behavior was noted also by Raymond (1994) in a simple tropical circulation model. The maximum value of T b is just slightly over 0.2 K, compared to the maximum SST anomaly of 1 K. The precipitation perturbations (i.e., convergence zone), however, show strong resemblance to the SST pattern. The positive precipitation perturbations roughly follow the SST pattern with a maximum value over 4 mm day Ϫ1 . We note that there is a slight tendency of southeast extension in the convergence zone even though the SST does not provide this tendency. The negative precipitation perturbations are found to the north and to the east of the positive SST anomalies, associated with local asymmetric Hadley and Walker circulations in these regions. As discussed following (4.5), for a larger-scale SST anomaly, T b would follow SST more closely and precipitation would follow it less closely.
Figures 2a-c display the latitude-height sections of the atmospheric response in temperature, pressure velocity, and specific humidity, respectively, along 160ЊW longitude. In Fig. 2a , the temperature perturbation has larger amplitude in the upper troposphere with a maximum value just over 0.5 K and with the vertical structure dictated by the strong convective constraints under MCA's QE assumptions. Vertical motion (Fig. 2b) has maximum amplitude at about 450 mb and a single sign throughout the troposphere, again related to QE con- straints. The horizontal distribution has upward motion roughly over regions of positive SST anomalies. The rising motion is compensated in longitude as well as latitude so the descending branch south of the SST forcing is weak. Significant moisture perturbations are confined to the lower troposphere ( Fig. 2c ) with a vertical profile given by the moisture closure (3.2). The maximum amplitude, determined by horizontal dynamics, reaches 0.25 g kg Ϫ1 in the PBL. This can be compared to the difference (T s ) of about 1 g kg Ϫ1 created by qЈ sat the SST anomaly. As with temperature, the nonlocal dynamics prevents from approaching too qЈ qЈ (T )
closely, thus creating evaporation in that region. Figure 2d compares the precipitation due purely to moisture convergence (solid line) with the local evaporation (dashed line). Both curves roughly follow the SST anomaly pattern with positive response over positive SST regions. The precipitation perturbation due purely to the moisture convergence is much larger than the local evaporation over positive SST anomaly regions. This is as expected but serves to indicate the dominance of nonlocal processes by CID in determining the atmospheric response to the SST anomaly forcing. If the evaporation-wind feedback were included, the evaporation structure could change substantially but the precipitation pattern would be less altered.
Figures 2e and 2f show the convective heating (Q c ) and moisture source (Q q ) perturbations calculated diagnostically from (2.1d) and (2.1e). Since Q c and Q q terms are mostly balanced by the adiabatic process (i.e., ‫ץ‬ p s and ‫ץ‬ p q) in the deep convective regions, we have neglected contributions from the diffusive fluxes in these figures. In Fig. 2e , consistent with the vertical velocity profile, heating (cooling) is found throughout the troposphere in the ascending (descending) regions and the maximum heating rate can reach 2 K day Ϫ1 , while in Fig. 2f , the moisture sink (source) is found in ascending (descending) regions. The higher maximum of heating versus moisture sink comes from the structure of ‫ץ‬ p s and ‫ץ‬ p q in Jordan's (1958) profile.
Conclusions
Simple analytic solutions are presented for deep convective regions in a linearized primitive equation model, based on the quasi-equilibrium assumptions of a moist convective adjustment convective parameterization. The QE assumptions, in which both temperature and moisture are assumed nearly in adjustment with the reference profiles, greatly simplify the dynamic response of the tropical flow through strong constraints acting on the thermodynamic profiles. The model solution separates into vertical structures determined by the thermodynamic constraints and equations in (x,y,t) for horizontal structures, akin to shallow water equations. The thermodynamics is governed by a simple form of the QE moist static energy equation (3.13). Two internally defined parameters arise: the gross moist stability (M) and the gross moisture stratification (M q ). The first acts as an effective static stability for the system, determining phase speeds and affecting response to external forcing. The latter is important to precipitation, although it does not directly impact the dynamics. Both are examined in data by J.-Y. Yu et al. (1997, manuscript submitted to J. Atmos. Sci.) , where spatial variations of these are considered. Our derivation permits horizontal inhomogeneity of the basic state, provided it has sufficiently small spatial derivatives. This solution provides a detailed example of the implications of ''quasi-equilibrium thinking'' advocated by Emanuel et al. (1994) .
The horizontal structure equations of the QE-based model can be simplified to a Gill (1980) model if the parameters of the latter are suitably redefined. However, the model has several advantages over the Gill-like models in terms of physical interpretation. In particular, the model produces a three-dimensional, thermodynamically consistent circulation. Also, instead of being arbitrarily specified as in the Gill-like models, the propagation tendency (dictated by M) can be directly estimated from the atmospheric sounding profiles. The thermal damping used in Gill-like models is also better defined in our model. It results from a combination of the longwave radiation and contributions from the sensible heat and evaporation.
The analytical solutions give some insights into simple models and into the mechanisms by which SST drives tropical circulation. The role of convective interaction with dynamics enters most strongly via the constraints convection places on the large-scale circulation by determining the vertical structure of baroclinic pressure gradients. The SST forcing enters the boundary layer thermodynamics through evaporation and sensible heat fluxes, which are calculated internally as part of the atmospheric response (as in a GCM and in contrast to some simple models). The entire tropospheric thermodynamics participates in determining the response (through M) rather than just the layer below the trade inversion as in some simple models, notably Lindzen and Nigam (1987) . While surface fluxes tend to bring the PBL temperature and moisture toward values given by SST, changes in PBL moist static energy are translated by convection into baroclinic pressure gradients. Vertical motions implied by these must do work against the gross moist stability. This has the effect of making the solutions nonlocal in the horizontal and preventing PBL moisture and temperature from entirely adjusting to local SST. The solution results from the balance of surface fluxes versus moist wave dynamics governed by the gross moist stability.
This balance of mechanisms contains elements of both the Lindzen-Nigam (1987) and Neelin-Held (1987) mechanisms, permitting a reconciliation of these views. As in the Lindzen-Nigam view, strong constraints on temperature determine the dynamics through baroclinic pressure gradients. As in the Neelin-Held view, there is an effective moist stability and work done against this must be balanced by surface fluxes. Here, the two are inseparable and both must be included for a consistent picture. For the simplest Gill-like case, the present model is mathematically similar to these models, or even to the convergence feedback models (Webster 1981; Zebiak 1986 ), but it allows the parameters of these models to be defined in terms of fundamental variables. For instance, the value of the ''convergence-feedback parameter'' can be obtained from the gross moist stability, which in turn can be estimated from data. Physical interpretation is easier because the relation to the primitive equations and the parameterized effects of moist convection are clearer.
Some caveats apply to the results presented here. First, they apply only in regions where the vertical profile of temperature is constrained by convection, that is, regions where deep convective events occur sufficiently frequently in space or time that the large-scale temperature is approximately set by the deep convection. Here we use leading-order approximations under the assumption that the timescale of convective adjustment is fast compared to other processes. We know from YN and Emanuel (1993) that departures from this assumption-allowing for the effects of adjustment time-can stabilize smaller scales. Such departures from strict QE may also be important for comparing model predictions to observations (R. Brown and C.S. Bretherton 1996, personal communication). In our usage here, the timescale at which deep convection adjusts the troposphere toward the boundary layer is assumed smaller than the timescale at which surface fluxes adjust the boundary layer, to the surface conditions (on the order of a day). If these timescales are comparable (as in Raymond Y U A N D N E E L I N 1995; Emanuel 1995), then our approach remains valid if both are short compared to other timescales. Treatment of the effects of finite adjustment time in both processes will be of interest in future work.
Second, while the derivation works cleanly for the nearly inviscid time-dependent case, for the steady-state case where momentum damping is important we have used an admittedly oversimplified Rayleigh friction. This is because inclusion of a vertical viscosity representation of turbulent vertical momentum mixing significantly complicates the solutions. Numerical tests (Yu 1993) suggested that the inclusion of even a quite simple treatment of vertical viscosity can considerably improve the meridional flow relative to the simple case used here, while thermodynamic aspects and vertical structures above the PBL remain much the same as in the present solutions. Ekman pumping due to boundary layer effects does produce modifications to the solution (Yu 1993; Wang and Li 1993, 1994) . The results presented here make large-scale flow in convective regions seem simple. While recognizing caveats, they offer a useful perspective on the behavior of tropical circulations.
